The general prognosis of patients with hepatocellular carcinoma (HCC) remains extremely dismal, due to the high frequency of metastasis. Since 2003, our research group has explored the gene expression profiles of metastasized HCC tissue samples and identified a significant upregulation of CCN3. However, the role and precise pathological function of CCN3 remains elusive. We showed that CCN3 is associated with the poor prognosis of patients with HCC, the malignant phenotype of HCC, and vascular thrombosis. We further evaluated the negative roles of CCN3 in vitro and in vivo, and identified osteopontin (OPN), and coagulation factors tissue factor (TF) and thrombin as the leading genes downstream of CCN3, that are positively associated with HCC cell stemness. We demonstrated that overexpressed CCN3 in HCC cells leads to enhanced survival and increased number of pulmonary metastases in vivo. The elevated levels of OPN and TF were associated with signal activation of nuclear factor κB (NFκB) and extracellular signal-regulated kinases (ERK). Our findings suggest CCN3 is a potential therapeutic target that would affect the upregulation of OPN and coagulation factors, which would lead to an enhanced stemness and blood coagulation microenvironment in HCC tissue.
Liver cancer is the second leading cause of cancer death worldwide, with about 50% of cases occurring in China. In particular, hepatocellular carcinoma (HCC) accounts for 80% of primary liver cancer cases worldwide 1 . Because HCC is typically diagnosed at an advanced stage, less than 30% of patients with HCC have the option of curative treatment, and the general prognosis of HCC patients remains extremely dismal. This unfavorable outcome is attributed to the high frequency of HCC metastasis and emphasizes the importance of exploring molecular signatures of metastasis and intervention strategies 2 . Since 2003, our research group has explored the expression profiles of metastasized HCC samples 3 . Our reanalysis of the cDNA microarray-based gene expression profile of HCC samples identified CCN3 (a matricellular protein that is encoded by the NOV gene in humans) as a significantly upregulated gene.
The expression levels of genes in the CCN family in HCC are closely correlated with certain biological characteristics and clinical features (e.g., venous invasion, cellular differentiation, and tumor recurrence), all of which are valuable in determining patient prognosis [4] [5] [6] . In particular, CCN3 proteins emerge as localized, multitasking signal integrators in the microenvironment and play an important role in modifying the cellular phenotype 7 . To date, only one study has described the enhanced expression of CCN3 in HCC samples compared with CCN3 levels in matched non-cancerous tissues. Nonetheless, both the precise physiological function and mechanism of action of CCN3 remain elusive 4 , and insight into the role of CCN3 in HCC is urgently needed for improvement of metastasis detection and development of targeted therapy.
Our findings in this study suggest that CCN3 could be a potential therapeutic target affecting the upregulation of OPN and activation of coagulation factors, which would then lead to an enhanced stemness and coagulation microenvironment in HCC tissue.
Results
Expression of CCN3 is positively associated with malignancy and poor prognosis. We reanalyzed the profile with HCC metastasis and found an upregulated expression of CCN3 in HCC samples (Fig. 1A) . Immunofluorescence and immunoblotting assays revealed a higher expression of CCN3 in HCC tumor tissue samples than in non-tumor tissue samples ( Fig. 1B and C) . We also evaluated CCN3 mRNA expression levels in 48-paired HCC tumor tissue samples and in adjacent non-tumor liver tissue samples. We observed an increased CCN3 expression level in 54.16% (26/48) of the HCC samples compared to non-tumor liver tissue samples (Fig. 1D) . To illustrate the clinical role of CCN3 in HCC, we sorted 186 clinical samples in the validation cohort according to high or low CCN3 expression levels ( Fig. 1E and F) . The overall survival (OS) rates for CCN3-high patients at 1-, 3-, and 5-years (61.24, 33.45, and 22.17%, respectively) were significantly lower than those of CCN3-low patients (73.36, 51.26, and 42.78%, respectively). The 1-, 3-, and 5-year time to recurrence rates (TRR) of CCN3-high patients (76.64, 89.38, and 89.38%, respectively) were higher than those of CCN3-low patients (58.58, 67.13, and 69.98%, respectively). CCN3 expression was significantly associated with both OS and TRR. Patients in the CCN3-high group had significantly lower OS and significantly higher TRR than patients in the CCN3-low group (Fig. 1G ). High expression of CCN3 was significantly correlated with vascular thrombosis and tumor dimension. No significant association was found between CCN3 expression level and the other clinical and pathological characteristics considered (Table 1) .
We identified an association of tumor size, vascular invasion, and tumor number with both OS and TRR in HCC patients, using univariate analysis (Table 2) . Using multivariate analysis models, we revealed that tumor size and tumor number are independent prognostic indicators of both OS and TRR in HCC patients. In contrast, vascular thrombosis was shown to be an independent prognostic indicator of only OS in HCC patients (Table 3) .
Upregulation of CCN3 is related to enhanced stemness. The upregulation of CCN3 significantly enhanced the ability of Hep3B cells with regard to migration, invasion, proliferation, and sphere formation. HCC-97H cells transfected with CCN3-shRNA exhibited inhibited abilities for malignant phenotype mentioned above ( Fig. 2A-D) . Moreover, the upregulation of CCN3 significantly enhanced oxaliplatin resistance, which exhibited an increased IC 50 of HCC cells to oxaliplatin (Fig. 2E) . The stronger proliferation ability was also found in HCC with the upregulation of CCN3 after treatment with oxaliplatin (Fig. 2F) . The HCC cell line with different metastatic potential were assessed and used in our previous study 8, 9 . In this study, CCN3 levels were significantly increased in HCC cell lines with high metastatic potential (HCC-LM3 and HCC-97H), whereas relatively low CCN3 levels were detected in HCC cell lines with moderate-low metastatic potential (PLC, SMMC-7721, Bel-7402, and Hep3B) and in human liver cells (L02) (Fig. 2G) .
In nude mouse models, a diminished subcutaneous tumor growth was found in mice injected with HCC-97H-CCN3-sh cells. In contrast, the overexpression of CCN3 through lentiviral infection of Hep3B cells in mice led to enhanced subcutaneous tumor growth (Fig. 2H) . Furthermore, the tumor weight of the orthotopic xenografts and number of pulmonary metastasis nodules were lower in the HCC-97H-CCN3-sh group than in the Mock group (Fig. 2I ). HCC cells with downregulated CCN3, from male BALB/c nu/nu mice injected through the tail vein, exhibited decreased pulmonary metastasis (Fig. 3A) .
CCN3 overexpression alters gene expression profiles for OPN and coagulation factors. We compared the gene expression profiles of Hep3B-vector and Hep3B-CCN3 (2, 8264 genes). The expression of were lower in the HCC-97H-CCN3-sh group than in the HCC-97H-mock group (n = 6). Quantitative differences in the data cell number, colony size and number, tumor weight, and pulmonary metastasis nodules were all evaluated by Student's t-test.
807 genes, including 222 upregulated and 585 downregulated genes, were more than two-fold different between Hep3B-vector and Hep3B-CCN2 cells (Fig. 3B ). The 807 differentially expressed genes in HCC with CCN3 overexpression were evaluated by Gene Ontology (GO) and pathway enrichment. Eleven genes related to complement and coagulation cascades were significantly changed, including TF and thrombin, which are closely related to hypercoagulable microenvironments (Fig. 3C ). Interestingly, spp1 (secreted phosphoprotein 1), which encodes OPN and plays a crucial role in HCC stemness 3, 10, 11 , was significantly upregulated in HCC with overexpressed CCN3. On the other hand, CDH1, which encodes E-cadherin and mediates the epithelial phenotype in tumor cells 12 , was significantly downregulated in HCC with overexpressed CCN3. The downregulation of E-cadherin and upregulation of OPN, TF, and thrombin in HCC with overexpressed CCN3 were confirmed by immunoblotting (Fig. 3D ).
OPN and TF are positively associated with malignancy, especially vascular thrombosis. We reanalyzed the expression profiles of HCC samples with and without intrahepatic metastasis 3 and identified the upregulation of OPN and TF in HCC with similar trends in intrahepatic metastasis as previously reported (Fig. 4A) . Then, we investigated the roles of OPN and TF in seven HCC cell lines with different malignant phenotypes. OPN and TF expressions were significantly increased in HCC cell lines with high metastatic potential, whereas relatively low OPN and TF levels were detected in HCC cell lines with low metastatic potential and in human liver cells (Fig. 4B) . To illustrate the roles of OPN and TF in HCC, we used tissue microarrays with 186 clinical samples and found a positive correlation among CCN3, OPN, and TF (Fig. 4C) . Expression of OPN and TF were also significantly associated with both OS and TRR. The patients in the OPN-high group had significantly lower OS and higher TRR than patients in the OPN-low group (Fig. 4D) . The patients in the TF-high group also had significantly lower OS and higher TRR than patients in the TF-low group (Fig. 4E) .
Next, we classified the patients into three subgroups based on OPN and CCN3 expression levels. Group I had low expression levels of both CCN3 and OPN, Group II had high expression of either OPN or CCN3, and Group III had high expression of both CCN3 and OPN. Group I had the best prognosis because the OS rate of the patients was significantly higher than that of patients in Groups II and III. Also, the TRR in Group I was lower than those of Groups II and III. The OS was significantly higher and the TRR was significantly lower in Group I than in Group III (Fig. 4D) . Based on TF and CCN3 expression levels, the patients were classified again into three subgroups. The patients in Group I (low expression levels of both CCN3 and TF) or Group II (high expression of either TF or CCN3) had better prognosis; their OS rate was significantly higher than that of patients in Group III (high expression of both TF and CCN3), and their TRR was significantly lower than that of patients in Group III; Between Group I and Group II, there was no significant different on the OS rate and TRR rate (Fig. 4E) . Furthermore, Cox regression analysis revealed a significant association of OPN-high expression in tumor tissue with tumor dimension and vascular invasion of HCC. A significant correlation between TF-high expression in tumor tissue and vascular invasion of HCC was also found (Table 4) .
Variables OS TTR Hazard ratio (95% CI) P-values Hazard ratio (95% CI) P-values
Elevated levels of OPN, TF, and stemness-associated markers are associated with NFκB and ERK signaling activation after CCN3 overexpression. We overexpressed CCN3 in Hep3B cells and found this led to activated ERK and NFκB signaling pathways and upregulation of OPN, TF, and thrombin. To validate this effect, we treated HCC cells with recombinant CCN3 in a dose-dependent manner (0-10 micro g/ mL) and confirmed the activation of ERK and NFκB signaling pathways with concomitant upregulation of OPN, TF, and thrombin (Fig. 5A) . On the other hand, Hep3B-CCN3 cells treated with sorafenib (2 micro mol/L) or MEK1/2 inhibitor U0126 (10 micro mol/L) showed an enhanced inhibition of ERK signaling and downregulation of OPN, TF, and thrombin (Fig. 5B) . Furthermore, NFκB signaling was inhibited with concomitant downregulation of OPN and TF after treatment with NFκB inhibitor EVP4593 or Aspirin (Fig. 5C ). The enhanced expressions of OPN, TF, and thrombin after CCN3 overexpression were confirmed in Hep3B subcutaneous tumors by immunohistochemical staining (Fig. 5D ).
Discussion
Although progress has been made in clinical treatments for HCC, the general prognosis of patients with HCC remains extremely poor because of the high frequency of HCC metastasis 1 . Assessing the general condition of HCC patients, such as liver function, tumor stage, and vascular thrombosis, is useful in predicting HCC metastasis and the prognosis of patients. However, prediction of clinical outcomes is not always exact. Therefore, insights into the molecular signatures of HCC are urgently needed to improve metastasis prediction and targeted therapy. CCN3 is one of a six-member family of cysteine-rich regulatory proteins found in humans. These proteins have emerged as localized multitasking signal integrators in the inflammatory microenvironment. Full-length CCN3 comprises a secretory signal peptide followed by four structural domains; namely, insulin-like growth factor binding proteins (IGFBP), von Willebrand factor type C repeat (VWC), thrombospondin type I repeat (TSP-1), and carboxy-terminal domain (CT) 7 . Recently, interest in CCN3 has emerged for cancer research because of the protein's central roles in cell regulation. For instance, in osteosarcoma, high expression of CCN3 is significantly correlated with poor prognosis, and CCN3 may increase cell motility and MMP-13 expression through the integrin-dependent pathway 13 . In prostate cancer, CCN3 is a potential therapeutic target for prevention of bone metastasis via inhibition of the FAK/Akt/p38/NF-κB signaling pathway 14 . Since αvβ3 integrin is the receptor for CCN3, it is interesting to note that patients with high expression of αvβ3 also had significantly shorter survival 15 .
However, the precise physiological function and mechanism of action of CCN3 in HCC malignancy remain vague 4 . In this study, we confirmed the prognostic utility and therapeutic value of CCN3 in HCC. Furthermore, when CCN3 was overexpressed, we found significant alterations in gene expression profiles, including the leading upregulation of OPN and coagulation factors TF and thrombin.
OPN is a matricellular protein that propagates cellular signals and promotes induction of cell adhesion, chemotaxis, extracellular matrix degradation, and other stemness-related characteristics 16 . Our research group has been studying OPN for 14 years to evaluate its prognostic and therapeutic value in HCC 3, 8, 10, 11, [17] [18] [19] . In the present study, we confirmed that high OPN expression is significantly correlated with tumor dimension and vascular thrombosis and that it has a positive association with CCN3. We found that patients with high expression levels of both CCN3 and OPN have the poorest prognosis, and CCN3 may be advantageous for the management of HCC metastasis because CCN3 correlates with OPN regulation and activation of the ERK and NFκB signaling pathways.
The hemostatic system is often subverted in patients with cancer, which results in life-threatening vascular thrombotic events 20 . Interestingly, the first manifestation of various tumors may present as hyperactivation of the coagulation system and thrombosis 21 . The expression and activity of cancer-derived TF is a major molecular driver of cancer-associated coagulopathy and thromboembolic disorders 22 . Paracrine TF converts the zymogen coagulation factor VII (FVII) to its activated state, which potentiates its catalytic efficiency in converting factor X (FX) to activated factor X (FXa), and finally activates factor IX (FIX) to FIXa to ultimately promote thrombin generation, fibrin formation, and platelet activation 22 . The highest levels of TF expression have been reported in cancers strongly associated with a high incidence of thrombotic events 23 . In this study, we demonstrated that a significant increase of TF expression in HCC leads to vascular thrombosis with short OS and high TRR in HCC patients. Expression of thrombin, a potential therapeutic target of HCC 8 , was also found to be associated with the expression of TF and CCN3 in this study. Our findings suggest that CCN3, acting as an upstream gene, could upregulate coagulation factors TF and thrombin, which are in turn correlated with ERK and NFκB signaling activation. On the other hand, downregulation of CCN3 or inhibition of ERK or NFκB signaling could significantly downregulate TF and thrombin.
In conclusion, we have provided evidence of CCN3 as a therapeutic target that relates enhanced stemness and coagulation in HCC. Cancer progression is profoundly influenced by factors that cause blood coagulation, particularly coagulation initiator TF. We showed that the enhanced coagulation induced by CCN3 might lead to formation of pulmonary metastasis and the poor prognosis of patients with HCC. And the possible association between the coagulation mechanism and metastasis may involve cluster-promotion ability of tumor cells, which ensures cell survival from anoikis and immune attack 24 . However, the relationship between tumor cells with differential procoagulant potential and the number of tumor clusters is vague. Further studies in our group will focus on exploring an association between HCC with overexpressed CCN3 and the number of tumor clusters in the circulation to find means for tumor inhibition via anticoagulants in tumor metastasis.
Materials and Methods
Patients and Follow-Up. Tissue Patients were followed up after surgical treatment, as previously described, until December 2013 25 . The median follow-up period was 63 months (range, 0-110 months). Sixteen patients were followed up for immunobloting analysis. The clinicopathologic characteristics of all HCC patients in this study are provided in Table 1 .
Cell Lines and Animals. High metastatic potential human HCC cell lines used in the study included HCC-LM3 and HCC-97H (established at Fudan University) 26 . These cell lines were authenticated by Biosyn, Inc. in a 2010 study that used DNA profiling of short, tandem repeat markers. Low metastatic potential human HCC cell lines used in the study included SMMC-7721 (established at Second Military Medical University, China) and PLC, Bel7402, and Hep3B (American Type Culture Collection, Rockville, MD, USA). We also used human liver cell line LO2 (Chinese Academy of Science, Beijing, China). These cell lines were conserved and supplied by the Liver Cancer Institute at the time of our study initiation in 2010. All cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; GIBCO) at 37 °C in a humidified incubator with 5% CO 2 . Cells were routinely screened for the presence of mycoplasma (Mycoplasma Detection Kit, Roche Diagnostics, Indianapolis, IN, USA).
Male BALB/c nu/nu mice (aged 4-6 weeks and weighing approximately 20 g) were obtained from the Chinese Academy of Science (SLRC, Shanghai, China) and maintained under standard pathogen-free conditions. Tumors were produced by administering subcutaneous injections of Hep3B-CCN3 and Hep3B-vector cells or HCC-97H-CCN3-sh and HCC-97H-mock cells into the upper left flank region of the mice. Orthotopic xenografts of mice were generated using subcutaneous tissues from mice injected with HCC-97H-CCN3-sh and HCC-97H-mock cells. The subcutaneous tumors were removed respectively, randomly selected tumor tissues of one mouse from each group and minced into equal size of 2 mm 3 , and randomly transplanted into the livers of mice.
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Five weeks later, orthotopic xenografts were measured and performed as described in previous publication 27 . Pulmonary metastasis was evaluated by fluorescence microscopy. HCC-97H-CCN3-sh and HCC-97H-mock cells were also injected into male BALB/c nu/nu mice through the tail vein. Animals were sacrificed five weeks after injections, and pulmonary metastatic nodules were evaluated by fluorescence microscopy. The study protocol was approved by the Shanghai Medical Experimental Animal Care Commission, and all methods were performed in accordance with the relevant guidelines.
Cell Proliferation, Migration, Matrigel ® Invasion, and Sphere Formation Ability Assays. In cell proliferation assays, Hep3B-CCN3 and Hep3B-vector cells were cultured in 96-well plates (4 × 10 3 cells/well). Cells were exposed to increasing concentrations of oxaliplatin (0, 0. 5, 1, 2, 4, 8, 16 , 32, 64, and 128 μmol/L) for 24, 48, 72, and 96 h. The relative number of cells was calculated using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Results were expressed as the absorbance of each well at 450 nm (OD 450). Invasion and migration of Hep3B-CCN3 and Hep3B-vector cells, HCC-97H-CCN3-sh and HCC-97H-mock cells were assessed by transwell assays using Boyden chambers (Corning, Tewksbury, MA, USA). Low adhesion and high adhesion 6-well plates were used for Colony formation assays, and detailed information was performed as previously described 28, 29 .
DNA Microarray Analysis. Changes in gene expression were evaluated by DNA microarray. Total RNA was extracted from Hep3B-CCN3 and Hep3B-vector cells. Isolations and microarray analyses were performed in triplicate using the Human OneArray ® probe set (Phalanx Biotech Group, San Diego, CA) according to the manufacturer's instructions. Data were uploaded to the Gene Expression Omnibus (GEO; accession number: GSE93194).
Vector Construction, Transfection, and Lentivirus Transduction. Human full-length CCN3 cDNA (NM_002165) was obtained from GeneCards (Shanghai, China) and cloned into the pCDH lentiviral expression vector (System Biosciences, Palo Alto, CA, USA). The amplified fragment was inserted into the pCDH plasmid (between XbaI and EcoRI sites) using the In-Fusion ® HD Cloning Kit (Takara, Tokyo, Japan). The target sequences of lentiviral shRNA expression plasmids PLKO.1 were CCCACCATCAAAGGAATATAA (Sh1), CGCACCAAGAAGTCACTCAAA (Sh2), and CACCAATAGGAACCGTCAATG (Sh3).
RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR).
Total RNA was extracted from HCC using TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA).
The primers used for the amplification of human genes were 5′-CAGGCGGTAGAGGGAGATAA-3′ (forward) and 5′-TGGGCCACAGATCCACTTTTC-3′ (reverse).
Tissue Microarrays Construction, Immunohistochemistry, Immunofluorescence, and Immuno-blotting. Tissue microarrays were constructed by Shanghai Biochip Co., Ltd. (Shanghai, China). Paraffin-embedded tissue sections (4 μm) were prepared according to established methods 30 . Immunohistochemistry, immunofluorescence, and immunoblotting were performed as previously described 12 . CCN3, OPN, and TF expression levels were evaluated in tissue microarrays and cell lines. MEK1/2 inhibitor U0126, NFκB inhibitor EVP4593, aspirin, and sorafenib were obtained from Selleckchem (Houston, TX, USA). Primary antibodies included CCN3, E-cadherin, TF, p-C-RAF, MEK, ERK1/2, and p-ERK1/2 (Abcam, Cambridge, MA, USA); OPN, thrombin, and C-RAF (Cell Signaling, Beverly, MA, USA); p-MEK (Epitomics, Burlingame, CA, USA); and Actin (Jackson Labs, Bar Harbor, ME, USA).
Scoring of IHC staining results. IHC evaluation was determined independently by 2 pathologists without prior knowledge of the patients' information. IHC is scored on a qualitative scale from 0 to 12, based on interpretation of staining intensity (negative staining = 0-2, weak staining = 3-6, moderate staining = 7-9, strong staining = 10-12) and the extent of stained area (<5% = 0, 6-25% = 1, 26-50% = 2, 51-75% = 3, å 75% = 4). The final score was determined by multiplying the intensity scores with the extent of positivity stained area, with the minimum score of 0 and a maximum score of 48. The mean percentage value of the 2 cores was considered representative of one tumor. The staining pattern was classified according to the final score as follows: negative (0-8), weak; (9-23): moderate (24-32); and strong (33-48). The final score of 24 was used as a cutoff value of high and low expression of CCN3 Statistical Analysis. Statistical analyses were performed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA). Statistical significance was defined as p < 0.05.
